The effects of radiation and Hall current on an unsteady magnetohydrodynamic free convective flow in a vertical channel filled with a porous medium have been studied. We consider an incompressible viscous and electrically conducting incompressible viscous second grade fluid bounded by a loosely packed porous medium. The fluid is driven by an oscillating pressure gradient parallel to the channel plates, and the entire flow field is subjected to a uniform inclined magnetic field of strength H o inclined at an angle of inclination α with the normal to the boundaries in the transverse xy-plane. The temperature of one of the plates varies periodically, and the temperature difference of the plates is high enough to induce the radiative heat transfer. The effects of various parameters on the velocity profiles, the skin friction, temperature field, rate of heat transfer in terms of their amplitude, and phase angles are shown graphically. Published by AIP Publishing. https://doi
I. INTRODUCTION
The study of the oscillatory flow of an electrically conducting fluid through a porous channel is important in many physiological flows and engineering applications such as magnetohydrodynamic (MHD) generators, arterial blood flow, petroleum engineering, and many more. Several authors have studied the flow and heat transfer in oscillatory fluid problems. To mention just a few, Makinde and Mhone 1 investigated the forced convective MHD oscillatory fluid flow through a channel filled with a porous medium, and analyses were based on the assumption that the plates are impervious. In a related study, Mehmood and Ali 2 investigated the effect of slip on the free convective oscillatory flow through a vertical channel with periodic temperature and dissipative heat. In addition, Chauchan and Kumar 3 studied the steady flow and heat transfer in a composite vertical channel. Palani and Abbas 4 investigated the combined effects of magneto-hydrodynamics and radiation effect on a free convection flow past an impulsively started isothermal vertical plate using the Rosseland approximation. Hussain et al. 5 presented the analytical study of the oscillatory second grade fluid flow in the presence of a transverse magnetic field and many more. In all the above studies, the channel walls are assumed to be impervious. This assumption is not valid in studying flows such as blood flow in the miniature level where digested food particles are diffused into the bloodstream through the wall of the blood capillary. Hence, due to several other important suction/injection controlled applications, there have been several studies on the convective heat transfer through a porous channel; for instance, Umavathi et al. 6 investigated the unsteady flow of viscous fluid through a horizontal composite channel whose half width is filled with a porous medium. Ajibade and Jha 7 presented the effects of suction and injection on hydrodynamics of oscillatory fluid through parallel plates. This problem is extended to heat generating/absorbing fluids by Jha and Ajibade, 8 while in (Jha and Ajibade 9 ) the effect of viscous dissipation of the free convective flow with a time dependent boundary condition was investigated. More recently, Adesanya and Makinde 10 investigated the effect of the radiative heat transfer on the pulsatile couple stress fluid flow with the time dependent boundary condition on the heated plate. It is well known that the no-slip condition is not realistic in some flows involving nanochannel and micro-channel and flows over coated plates with hydrophobic substances. In view of this, Adesanya and Gbadeyan 11 studied the flow and heat transfer of the steady non-Newtonian fluid flow noting the fluid slip in the porous channel. Other interesting cases on the hydromagnetic oscillatory fluid flow under different geometries can be found in Refs. 12-20 and the references therein. The effect on suction/injection on the slip flow of oscillatory hydromagnetic fluid through a channel filled with a saturated porous medium has been investigated by Falade et al. 21 Recently, VeeraKrishna and Swarnalathamma 24, 25 discussed the peristaltic MHD flows. VeeraKrishna and Gangadhar Reddy 26, 27 discussed MHD free convective rotating flows.
Keeping the above-mentioned facts, the MHD free convective flow in a vertical channel filled with a porous medium has been studied in the present paper.
II. FORMULATION AND SOLUTION OF THE PROBLEM
Consider an unsteady MHD free convective flow of an electrically conducting, viscous, incompressible second grade fluid through a porous medium bounded between two infinite vertical plates in the presence of the Hall current and thermal radiation. The plates are at a distance d apart. A Cartesian coordinate system with the x-axis oriented vertically upward along the centre line of the channel is introduced. The z-axis is taken perpendicular to the planes of the plates as shown in Fig. 1.   FIG. 1 . Physical configuration of the problem.
We choose a Cartesian system O(x, y, z) such that the boundary walls are at z = d/2 and z = d/2 and are assumed to be parallel to the xy-plane. The steady flow through the porous medium is governed by Brinkman's equations. At the interface, the fluid satisfies the continuity condition of velocity and stress. The boundary plates are assumed to be parallel to the xy-plane and the magnetic field of strength H o inclined at an angle of inclination α to the z-axis in the transverse xz-plane. The component along the z-direction induces a secondary flow in that direction while its x-components change perturbation to the axial flow. The steady hydromagnetic equations governing the incompressible fluid under the influence of a uniform inclined magnetic field of strength H o inclined at an angle of inclination α with reference to a frame are
When the strength of the magnetic field is very large, the generalized Ohm's law is modified to include the Hall current so that
In Eq. (3), the electron pressure gradient, the ion-slip, and thermo-electric effects are neglected. We also assume that the electric field E = 0 under assumptions reduces to
where m = ω e τ e is the Hall parameter. On solving Eqs. (4) and (5), we obtain
Using Eqs. (6) and (7), the equations of the motion with reference to the frame are given by
The boundary conditions for the problem are
where T w is the mean temperature of the plate at z = d/2 and ω is the frequency of oscillations. Following Cogley et al., 22 the last term in the energy Eq. (10),
stands for the radiative heat flux that modifies to
We have considered the reference temperature T 0 = 0, where α 2 is the mean radiation absorption co-efficient.
We introduce the following non-dimensional variables and parameters:
Making use of non-dimensional variables, the governing equations reduces to (dropping asterisks)
∂w ∂t = 1 Re
where Re = is the radiation parameter.
The corresponding transformed boundary conditions are
We shall assume that the fluid flows only under the influence of a non-dimensional pressure gradient oscillating in the direction of x-axis only which is of the form
In order to combine Eqs. (14) and (15) into single equation, we introduce a complex function q = u + iw VeeraKrishna et al., 27 and using Eq. (19), we obtain
The boundary conditions in the complex form are
In order to solve Eqs. (16) and (20) making use of boundary conditions (21) and (22), we assume in the complex form the solution of the problem as
(23) Substituting Eq. (23) in Eqs. (16) and (20), we get
and
where
The boundary conditions given in Eqs. (21) and (23) become
The ordinary differential equations (24) and (25) are solved under the boundary conditions given in Eqs. (26) and (27) for the velocity and temperature fields. The solution of the problem is obtained as
Sinh ξ e iωt .
Now from the velocity field, we can obtain the skinfriction at the left plate in terms of its amplitude and phase angle as
From the temperature field, the rate of heat transfer Nu (Nusselt number) at the left plate in terms of its amplitude and phase angle is obtained,
III. RESULTS AND DISCUSSION
We consider an incompressible viscous and electrically conducting second grade fluid in a parallel plate channel bounded by a loosely packed porous medium. The fluid is driven by the oscillating pressure gradient parallel to the channel plates, and the entire flow field is subjected to a uniform inclined magnetic field of strength H o inclined at an angle of inclination α with the normal to the boundaries in the transverse xy-plane. The temperature of one of the plates varies periodically, and the temperature difference of the plates is high enough to induce the radiative heat transfer. The complete expressions for the velocity, q(z), and temperature, T (z), profiles as well as the skin friction, τ, and the heat transfer rate, Nu, are given in Eqs. (28) and (31). In order to understand the physical situation of the problem and hence the manifestations of the effects of the material parameters entering into the solution of problem, to study the effects of these different parameters appearing in the governing flow problem, we have carried out computational results for the velocity field, skinfriction, temperature field, and Nusselt number in terms of its amplitude and the phase. The computational results are presented in Figs. 2-12 for the velocity profiles (fixing α = π/6) and Fig. 13 for temperature profiles. Tables I and II fluid speed is in the entire fluid region. It is expected physically also because the resistance posed by the porous medium to the decelerated flow due to the inclined magnetic field reduces with decreasing permeability D which leads to decrease in the velocity. The resultant velocity also increases with increase in D. The variation of the velocity profiles with Hall parameter m is shown in Fig. 6 . The magnitudes of the velocity components u and w and the resultant velocity increase with the increase in Hall parameter m throughout the channel, and there is no significant effect of Hall parameter m on both the velocity components with the effect of the inclined magnetic field. The variations of the velocity profiles with the Grashof number Gr are shown in Fig. 7 . The magnitude of the velocity components u and w enhances with the increasing Grashof number Gr. The maximum of the velocity profiles shifts toward the right half of the channel due to the greater buoyancy force in this part of the channel due to the presence of hotter plate. In the right half, there lies a hot plate at z = 1/2 and heat is transferred from the hot plate to the fluid and consequently the buoyancy force enhances the flow velocity further. In the left half of the channel, the transfer of heat takes place from the fluid to the cooler plate at z = 1/2. Thus, the effect of the Grashof number on the resultant velocity is reversed, i.e., velocity decreases with increasing Gr. The velocity profiles with the Peclet number Pe are shown in Fig. 8 . The magnitude of the velocity components u enhances and w decreases with the increasing Peclet number Pe. We noticed that with increasing Peclet number Pe the resultant velocity decreases. The variation of velocity profile with radiation parameter R is shown in Fig. 9 . The magnitude of velocity components u and w decreases with increase in Radiation parameter R. In the left half of the channel, the effect of R on velocity is insignificant while in the right half of the channel velocity decreases with increase of R. It is evident from Fig. 10 that the velocity components u and w enhance with increase in pressure gradient P. The increasing pressure gradient P leads to the increase of resultant velocity. The velocity profiles with the frequency of oscillation ω are shown in Fig. 11 . The magnitude of the velocity component u enhances first, gradually decreases, and then experiences enhancement as observed with increase in the frequency of oscillation ω. Likewise the behavior of the velocity component w experiences enhancement and then gradually decreases throughout the fluid region with increase in the frequency of oscillation ω. The resultant velocity decreases with increasing frequency of oscillations ω. Generally the frequency of oscillation increases; there is some disturbance in the particles of the fluid particles, and hence the velocity is automatically reduced in the fluid region. From Fig. 12 , we observed that the magnitude of the velocity components u and w reduces with increasing angle of inclination α. The results are verified with those of Singh and Pathak 23 in Table III. The temperature profiles are shown in Fig. 13 . The temperature decreases with the increase in radiation parameter R, the Peclet number Pe, and time. The temperature enhances initially and then gradually decreases with increase in the frequency of oscillations ω. We notice that the flow of heat transfer is reversed with the increase in Peclet number Pe.
The skin-friction at the plate z = 1/2 is obtained in terms of its amplitude and the phase angle φ. The amplitude |q| and phase angle φ are presented in Table I . Since all the values of phase angle φ presented in Table I The rate of heat transfer (Nusselt number Nu) in terms of the amplitude and phase angle has been evaluated in Table II . We noticed that the amplitude |H | decreases with the increase in R, Pe, ω, and t. It is noticed that the magnitude of the phase angle ψ decreases with the increase in R and t, and increases with increase in R and ω.
IV. CONCLUSIONS
The effects of radiation and the Hall current on the unsteady MHD free convective flow in a vertical channel filled with a porous medium have been studied. The conclusions are made as the following. The velocity component for the primary flow enhances with an increase in permeability parameter, Hall parameter, and Grashof number and reduces with an increase in the intensity of the magnetic field and radiation parameter. The velocity component for the secondary flow enhances with increase in permeability parameter and Hall parameter and reduces with increase in Hartmann number, Grashof number, and radiation parameter. The temperature reduces with increase in radiation parameter or Peclet number, while it enhances initially and then gradually reduces with increase in frequency of oscillation.
